Another consideration in SSCP is co-migration, in which two or more different sequences occur in the same position in the gel. Alternatively, a single sequence can have different stable conformations, and two or more bands can be detected for the same sequence ( Hayashi, 1991 ) . Temperature, pH, and running time infl uence single-strand DNA mobility, and the best combination of all of these factors for a given gene or PCR product needs to be determined empirically for each primer ( Orita et al., 1989 ; Hayashi, 1991 ; Fujita and Silver, 1994 ; Kukita et al., 1997 ) .
Yet another consideration is the number of bands to be sequenced per individual. Two alleles are possible in a diploid organism, producing four single-stranded DNA bands for a single-copy gene. A tetraploid can have up to four alleles (eight single-stranded bands) and an octoploid up to eight (16 singlestranded bands).
Asymmetric PCR is used to preferentially amplify one strand of the original DNA ( Mazars et al., 1991 ) . Asymmetric PCR can be performed by using unequal concentrations of the two primers or by using a two-step amplifi cation procedure. The fi rst method is based on a large number of cycles that can incorporate a potential source of sequencing errors ( Mazars et al., 1991 ) . The second method initially uses a symmetric PCR, and a sample of that PCR product is used as a template for a subsequent asymmetric PCR; this method thus has the potential to generate procedural errors by its additional steps ( Mazars et al., 1991 ) . In the asymmetric PCR, the number of bands is reduced in half, because only the upstream (sense) or downstream (antisense) product is amplifi ed. Despite the need for this additional step, asymmetric SSCP eliminates unwanted bands and produces clear bands with easily distinguishable homozygous and heterozygous individuals ( Pokorny et al., 1997 ) when they are run in SSCP. As a consequence, the asymmetric PCR of genomic DNA followed by SSCP identifi cation of sequence polymorphism reduces the cost of sequencing in half relative to symmetric SSCP. Another advantage of SSCP is the elimination of PCR artifacts such as PCR recombinants ( Meyerhans et al., 1990 ; Brakenhoff et al., 1991 ) and heteroduplex molecules ( Kanagawa, 2003 ) .
Although presently there are yet other methodologies to generate genome sequences quickly and easily ( Shendure and Hanlee, 2008 ) , the cost cannot be reached for the majority of researchers, especially when hundreds of individuals are screened. Furthermore, even with the second and third generation of sequencing technologies, it is almost impossible to generate genome sequences for a highly heterozygous polyploid without generating higher genome coverage, which increases costs considerably.
In this study, we optimized SSCP protocols that represent a relatively easy, effi cient, and economical method for generating DNA sequences from highly heterozygous or polyploid individuals. Even though it involves a moderate amount of manipulation, it offers the potential for automation to generate high-throughput sequencing. We describe an asymmetric-PCR SSCP technique to isolate all alleles from heterozygous individuals (diploid or polyploid) for direct sequencing. The cost and time needed to generate sequences is reduced by one-third (tetraploids) to one-fi fth (hexaploids) relative to cloning. We test the utility of asymmetric-PCR SSCP in species of Solanum section Petota , a taxonomically diffi cult group, partly because this group has a history of interspecifi c hybridization at both the diploid and polyploid levels ( Rodr í guez and Spooner, 2009 ; Spooner, 2009 ) , showing the advantage of this fast and reliable method to isolate haplotypes.
According to previous reports, a good starting concentration of MDE for sizes longer than 500 bp is 0.7 × (I. J. Maureira-Butler, University of WisconsinMadison, personal communication; Koopman and Baum, 2010 ) . Samples from the same symmetric, forward-asymmetric, and reverse-asymmetric DNA amplifi cation reactions were fi rst applied to 0.7 × MDE gels to determine the best SSCP conditions to separate all allelic variants and to identify which asymmetric PCR type produced the best separation among all alleles. Two different loading buffer compositions as mentioned in two different ratios (PCR : LB, 2 : 1 and 1 : 4) were tested to establish which combination was best for denaturation of samples before running in SSCP. Both symmetric and asymmetric PCR products longer than 500 bp were run for 48 h at constant power (3 W), and the remaining COSII (400 bp long) was run only for 24 h. Band position, number, and additivity were compared between symmetric and asymmetric PCR products. After the best running conditions were established in MDE at 4 ° C, asymmetric PCR products were run at room temperature to determine whether we could get comparable results without using cold running conditions.
Once the SSCP electrophoretic conditions for these six COSII were established in MDE, asymmetric PCR products longer than 600 bp were separated in an 8% polyacrylamide gel in an attempt to reduce costs. Two different ratios of acrylamide to bis-acrylamide were used (19 : 1 and 37.5 : 1), and samples were run at 4 ° C for 24 and 48 h. After these parameters were determined, three other buffer systems were tested for improving band separation: (1) TBE + glycerol pH 7.7, (2) TME pH 6.8, (3) TPE pH 6.8. Asymmetric PCRs of COSII longer than 600 bp were run at room temperature using these three buffers. See Appendix S1 (see Supplemental Data online at http://www.amjbot.org/content/ 98/7/1061/suppl/DC1) for amplifi ed SSCP protocol procedures.
Testing the SSCP protocol in polyploid species -We tested our optimized SSCP protocol with 16 accessions of six polyploid potato species (Appendix 1) to assure that all the alleles in each accession were well isolated. For comparing results obtained by SSCP, symmetric PCR for all COSII were cloned into pGEM-T Easy vector. SSCP bands and clones were sequenced following the protocol described already. In a few cases, it was necessary to make dilutions (1 : 100 or 1 : 400) of the eluted SSCP band to get reamplifi cations. A maximum likelihood analysis using sequences from individual COS was performed using RAxML Web-servers ( Stamatakis et al., 2008 ) with all sequences isolated by SSCP and by cloning and with sequences from 11 diploid species from a previous study ) to determine and compare the placement of all alleles determined by cloning and SSCP. The individual analyses were run with a GTR model and allowing gamma-distributed rate variation among sites, and all free model parameters were estimated by RAxML. A bootstrap analysis with 100 replicates was also performed for each individual COS.
RESULTS
Tests to optimize SSCP protocols -No differences regarding band number or mobility were found among the three treatments, so unpurifi ed PCR products were run in SSCP in all subsequent tests. Bands using loading buffer II showed slightly darker and sharper bands in comparison with loading buffer I. To assure good denaturation and quality of the bands, we used loading buffer II in a 1 : 4 ratio for subsequent experiments. Band position, number of bands, and additivity between the symmetric and both asymmetric bands patterns were completely concordant ( Fig. 1 ) . Cases of co-migration were not detected, but cases of more than one stable conformation for a at 72 ° C for 7 min. Excess dye terminators were removed using Angencourt CleanSeq magnetic beads (Beckman Coulter Genomics, Danvers, Massachusetts, USA) following manufacturer ' s instructions except that the volume of the magnetic beads was halved (5 µ L). Sequences were resolved on an ABI 3730xl capillary-based automated DNA sequencer (Applied Biosystems) with 50 cm POP-7 polymer capillaries at the Biotechnology Center of the University of Wisconsin-Madison.
Sequences were assembled and edited with Staden package windows version 1-7-0 ( Staden, 1996 ) and aligned using the program Clustal X version 2.0.3 ( Larkin et al., 2007 ) at default parameters, except for the " percentage of delay divergence sequences " , which was set to 5% after testing various percentages. Alleles and potential PCR recombinants were identifi ed by visual inspection using the program MacClade 4.08 ( Maddison and Maddison, 2001 ).
Cloning procedures -After the symmetric PCR was performed, reactions were run on a 1.5% agarose gel with 1 × TBE buffer for 3-5 h. Bands were cut out and cleaned using Zymoclean Gel DNA Recovery Kit (Zymo Research, Orange, California). The PCR product was eluted in 8 µ L of nuclease-free water. Cleaned PCR products were cloned into Promega ' s pGEM-T Easy vector. Ligation, transformation, and plating were carried out following the manufacturer ' s instructions except that ligation and transformation reaction volumes were halved. Five positive colonies were sampled for diploid species, 10 for tetraploid species, and 20 for hexaploid species to have 95% confi dence that all alleles were sampled. White colonies were picked using a sterile 20-µ L pipette tip and transferred to a single well of a 96-well PCR plate that was previously fi lled with 20 µ L of autoclaved water to allow the elution. Symmetric PCR was carried out following the protocol described using 5 µ L of this eluate as template. Four microliters of the reaction was run on a 1.5% agarose gel with 1 × TBE buffer for 3 h to verify the presence of the PCR product. The remaining PCR products were diluted with autoclaved water in a ratio of 1:8 (PCR product to water) to be used as template in the following sequencing reaction that was carried out following the protocol previously described.
Additional protocols used during testing -Cleaning PCR products and testing four running buffers -Before running in SSCP, the PCR products were purifi ed using WizardSV Gel Clean-Up System (Promega) and resuspended in 50 µ L of nuclease-free water, or they were digested with EXO-SAP-IT (USB Corp., Cleveland, Ohio, USA) following the manufacturer ' s instructions except that reaction volumes were halved. Four different running buffers were also tested: (1) TBE buffer pH 8.3, (2) TBE buffer with 5% of glycerol pH 7.7, (3) Tris-MES-EDTA (TME) buffer pH 6.8, (4) Tris-PIPES-EDTA (TPE) buffer pH 6.8. To prepare 1 × TME buffer pH 6.8, 3.6342 g of Tris were mixed with 6.832 g of MES (2-[ N -morpholino]ethanesulfonic acid from Fisher Scientifi c, Pittsburgh, Pennsylvania, USA) and 2 mL of 0.5 mmol/L EDTA with distilled water to a fi nal volume of 1 liter; for 1 × TPE buffer pH 6.8, 3.6342 g of Tris, 6.048 g of PIPES (1,4-piperazinediethanesulfonic acid from Fisher Scientifi c), and 2 mL of 0.5 mmol/L EDTA were mixed with distilled water up to fi nal volume of 1 liter.
Tests to optimize SSCP protocols -To verify whether, under our PCR conditions, the residues from the components of the PCR reaction could interfere with the mobility of the DNA during SSCP, 50-μ L volume symmetric PCR with COSII C2_At1g20050 was performed for four species. Ten microliters of this PCR product was run in a 1.5% agarose gel to verify amplifi cation, 10 µ L were cleaned using EXOSAP, 20 µ L were cleaned with WizardSV Gel CleanUp System, and the remaining 10 µ L were kept uncleaned. All three treatments were run in a 0.7 × MDE gel in 0.6 × TBE buffer for 48 h at 4 ° C. The loading buffer II in a ratio of 1 : 4 PCR product to loading buffer was used; 6 µ L was loaded in the MDE gel and silver stained. Testing the SSCP protocol with polyploid species -Our SSCP protocol was able to isolate all the variant sequences present in an individual in all COSII in all 16 polyploid accessions that we tested. Some sequences from cloned PCR products showed Taq errors and PCR recombinants, and there were three cases in which an allele from an accession was not picked by cloning. Table 2 shows only the smallest number of SNPs and the difference in size of the alleles in one accession, found among all samples tested. In fi ve of the six COSII, the number of SNPs between alleles was more than 11 (12 -23), and the difference in size was from 7 -36 bp. On the other hand, for C2_At5g47390, that had a length of 1200 bp, it was possible to separate alleles that differed in only three SNPs.
Sequences generated by SSCP were compared with those generated by cloning. Possible PCR recombinants were identifi ed in two polyploid accessions in C2_At1g32130, one accession in C2_At5g14320, four accessions in C2_At1g13380, and one accession in C2_At1g20050. When a maximum likelihood analysis was run with those samples, the majority of the PCR recombinants were placed outside of the clade where their SSCP-isolated sequence were detected. In fi ve cases, the asymmetric PCR performed with the reverse primer produced the best separation among bands in comparison with the forward and was selected for the next experiments. Only for one COSII (C2_At5g14320) did the asymmetric PCR performed by the forward primer produce better separation among bands in comparison with the reverse, but bands were smeared under all the conditions that were tested (two loading buffers and two ratios of PCR and loading buffer). Consequently, the asymmetric PCR performed by the reverse primer was selected as well.
In MDE gels, the shorter PCR product (C2_At1g32130, 400-500 bp) separated very well in a 24-h run; for four of the fi ve remaining COS, the running time of 48 h was suffi cient to get good separation among bands (C2_At1g13380: 700 bp; C2_ At1g20050: 900 bp; C2_At5g47390: 1200 bp; C2_At4g10050: 800 bp). For C2_At5g14320 (700 bp), it was necessary to increase the running time to 60 h to get good separation. SSCP runs at room temperature did not produce better separation or quality of bands in comparison to those run at 4 ° C.
The ratio 37.5 : 1 worked much better than the ratio 19 : 1 in PAGE gels. Only for one of the COSII (C2_At5g14320) was the separation of the bands under both running times (24 and 48 h) signifi cantly better in MDE than in PAGE. In the other cases, MDE and PAGE gave almost the same results with the only difference that the running time was usually reduced to 24 h instead of 48 and to 16 h instead of 24 h.
Results did not show a signifi cant improvement in the separation and quality of the bands in the other three buffer systems. For some samples, bands were more separated than in TBE, but for others less, and in some cases the bands were fuzzy. Hence, TBE buffer pH 8.3 was selected as the best buffer because it gave suffi cient separation and is cheaper. ( Cai and Touitou, 1993 ; Fujita and Silver, 1994 ; Pokorny et al., 1997 ; Zhu et al., 2006 ) . Free oligonucleotides can anneal to PCR product strands and alter their mobility ( Fujita and Silver, 1994 ) or may interfere with the amplifi ed sequence and inhibit the discriminative potential of the SSCPs ( Cai and Touitou, 1993 ) . We failed to detect differences between the unpurifi ed and two purifi ed procedures regarding number of bands or their mobility in both symmetric and asymmetric PCR samples. This favorable result may be caused by the initial low concentration of primers (0.1 µ mol/L) in the PCR reaction and the amount that remained after all PCR cycles (unincorporated primers) was very low and did not interfere with band mobility. In the case of asymmetric PCR, it may be because the unincorporated primers cannot anneal with single-strand DNA because they have the same nucleotide sequence as single-strand DNA ( Zhang et al., 2008 ) .
Comparison of loading buffers and ratios of dilution -The use of several denaturants for SSCP has been investigated before ( Fujita and Silver, 1994 ; Pokorny et al., 1997 ; Hennessy et al., 1998 ; Zhu et al., 2006 ) . The choice of denaturant and ratios of loading buffer and PCR product had a minimal effect on the SSCP pattern for the six COSII tested. The slightly better performance of loading buffer II than loading buffer I may be because loading buffer II is a stronger denaturant. Nevertheless, if overdenaturation of the DNA occur and smeared bands appear, it is advisable to test loading buffers and ratios. alleles were placed (not shown). Figure 2 shows one of these examples, for C2_At1g13380, in which PCR recombinants were found for S. hjertingii PI 186559. In S. iopetalum PI 558405, three alleles were found by SSCP, and six likely PCR recombinant sequences were obtained by cloning. All six were different, but resulted from recombinants between only two alleles. One of these six showed a more complicated pattern, in which the beginning and the end of the sequence belonged to one allele and the middle of the sequence to the other allele ( Fig. 3 ) . These results showed the utility of SSCP to isolate alleles from heterozygous individuals that eliminated PCR recombinants and heteroduplexes that are fi xed during cloning.
DISCUSSION
The utility of SSCP to separate single nucleotide polymorphisms is well documented. It has been used to detect mutant cancer alleles ( Orita et al., 1989 ) and for many other applications ( Martins-Lopes et al., 2001 ; Hodgkinson et al., 2002 ; Cronn and Adams, 2003 ) . In most of these applications, the final result demonstrated a difference in band mobility but in our application we use SSCP as a separation technology to replace cloning.
Comparison of purifi ed and unpurifi ed PCR products -Prior studies reported that the purifi cation of a symmetric PCR product Fig. 2 . The 43 polymorphic sites (coded as A, red; C, green; G, yellow; T, blue) from the two homeologs in allotetraploid Solanum hjertingii PI 186559 from C2_At1g13380 generated by cloning and by SSCP, and a PCR recombinant generated by cloning. Fig. 3 . The 74 polymorphic sites (coded as A, red; C, green; G, yellow; T, blue) in allohexaploid Solanum iopetalum PI 558405 from C2_At1g13380 generated by cloning and by SSCP, and PCR recombinants generated by cloning.
per accession for sequencing) $3281 and $5774, respectively (a 3 -5.3 × cost reduction). Presently, we have optimized the SSCP protocol for 24 COSII, from 450 -1500 bp, and those are being used to isolate alleles in potatoes, tomatoes, sweet potatoes, and carrots. Asymmetric PCR-SSCP is a very convenient alternative to cloning for heterozygous individuals. The limitations of the technique reported by others will not play a fundamental role when intronic regions are mainly being amplifi ed, because the difference between alleles usually is much more than one base pair.
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Comparison of symmetric and asymmetric PCR -The secondary structure of single-strand DNA is labile. Many physical and chemical factors can change its structure, and different SSCP results may appear even from the same samples under different PCR-SSCP conditions. Bands can appear closely spaced and fuzzy, which may increase the diffi culty of picking out a single band. Asymmetric PCR reduces the number of bands by half in comparison to symmetric PCR. It reduces the number of bands to be picked up and sequenced and facilitates the isolation of the alleles because there is a better chance to get better separation in the gel. It is always advisable to test which of the primers give better results because this can be only determined empirically.
SSCP running conditions in MDE and in PAGE gels -Our longer PCR products (700 -1200 bp) separated well in 48 h and the shorter product (450 bp) in 24 h; longer runs for the latter produced fuzzy bands. Time and running conditions always need to be established empirically for each gene. In a few cases, we had problems eluting DNA from MDE gels; we solved the problems by vortexing the gel and water mixture before and after the treatment at 60 ° C for 10 min.
To reduce costs, we tested two different running times and ratios of acrylamide : bis-acrylamide. As reported previously by other researchers ( Teschauer et al., 1996 ) , these variables also need to be established empirically. Under our conditions, a ratio of 37.5 : 1 of acrylamide to bis-acrylamide worked much better than 19 : 1. Only in one case (for C2_At5g14320) were MDE results signifi cantly better than PAGE. In the majority of cases under our conditions, separating alleles in PAGE decreased the running time from 48 to 24 h, and in the case of the shorter PCR product from 24 to 16 h. The use of PAGE instead of MDE also has the advantages of reducing the price of each gel by 40%. PAGE gels allowed easy SSCP band elution, and keeping SSCP bands in water at 4 ° C overnight was enough to elute the DNA from the gel.
The three new buffer systems suggested by Kukita et al. (1997) , run at room temperature, did not signifi cantly improve the separation and quality of the bands. We chose a TBE buffer system because the prices of the TME and TPE buffer are fi ve and 10 times more expensive than TBE buffer, and the discriminatory power of the SSCP with TBE system allowed us to isolate all alleles in the samples we tested.
Testing the established SSCP protocol in 16 potato polyploid accessions -The ultimate goal of our research was to determine a procedure that could separate all alleles from polyploid accessions. Our optimized protocol isolated all alleles in 16 accessions of six polyploid species and with all six COSII. This high success rate for sizes more than 700 bp could be expected because the allelic differences in our targeted intronic regions contain several SNPs and indels. Our comparison of SSCP and cloning from the same accessions showed PCR recombinants only in the cloned samples, and a maximum likelihood analysis placed these sequences outside of the clade of their correct clade. These results demonstrate the utility of asymmetric-PCR SSCP to isolate alleles from heterozygous individuals, eliminated PCR recombinants and heteroduplexes that are fi xed during cloning, and reduced costs. This approach has wide applicability for a variety of other applications such as population genetics and ecology.
Cost comparisons -Costs to sequence one gene in 100 tetraploid individuals by asymmetric-PCR-SSCP using MDE under the assumption that the organism has four different alleles is US$1100, by PAGE $1040, by cloning (taking 10 or 20 colonies
